Abstract The recent GEOTRACES Eastern Pacific Zonal Transect in 2013 crossed the East Pacific Rise at 158S following the same track as the 1987 Helios Expedition along the core of the mid-depth helium plume that spreads westward from the East Pacific Rise (EPR) axis. The fact that several stations were colocated with the earlier Helios stations has allowed a detailed comparison of the changes in the helium plume over the intervening 26 years. While the plume in many areas is unchanged, there is a marked decrease in plume intensity at longitude 1208W in the 2013 data which was not present in 1987. Recent radioisotope measurements along the plume track suggest that this decrease is due to the intrusion of a different water mass into the plume, rather than a modulation of hydrothermal input on the EPR axis. Analysis of GEOTRACES hydrographic data shows excess heat present in the plume up to 0.048C, corresponding to a 3 He/heat ratio of 2. 
Introduction
During South Tow Expedition in 1972, helium isotope measurements on seven vertical casts spanning the East Pacific Rise (EPR) at latitude 158S discovered a large plume of 3 He-rich water emanating from the EPR crest and extending over 2000 km to the west (see Figure 1 ) [Lupton and Craig, 1981] . The plume was remarkable for several reasons. First, it demonstrated that this portion of the EPR was host to intense hydrothermal sources that were injecting large amounts of 3 He into the deep Pacific. Second, the plume showed that helium isotopes were useful for tracking deep ocean circulation and mixing. And finally, the fact that the plume indicated westward flow of mid-depth waters in this region created a controversy, since this westward flow was opposite to that predicted by the Stommel-Arons geostrophic model [Stommel and Arons, 1960] .
In 1987 a much more detailed survey of the EPR plume was completed during Helios expedition [Hautala and Riser, 1993; Lupton, 1998 ]. As part of this survey, samples were analyzed for helium isotopes collected in vertical profiles at 74 separate stations spanning the region from 1058W to 1478W, and 58S to 208S. This provided a detailed view of both the longitudinal and meridional extent of the plume ( Figure  2 ). During the two decades after the Helios project, very little work was completed on the off-axis distribution of the EPR plume. One exception was World Ocean Circulation Experiment (WOCE) section P17, which provided a meridional helium section crossing the plume at 1358W [Lupton, 1998; WOCE, 2002] . WOCE section P16 also provided helium profiles at the distal end of the plume at 1528W, and NOAA RITS-89 and WOCE P19 provided meridional helium sections at 1058W and 888W, respectively, confirming that the plume is absent to the east of the EPR axis. However, the helium profiles collected during Helios expedition remain the only data set which clearly shows the areal extent of the southern EPR helium plume.
In 2013 the U.S. GEOTRACES Eastern Pacific Zonal Transect collected 35 vertical profiles spanning the EPR at 158S [BCO- DMO, 2013] . The GEOTRACES track was located to follow the core of the southern EPR helium plume as defined by the previous Helios expedition work. The helium, noble gas, and radiocarbon measurements along the GEOTRACES section are discussed in detail by Jenkins et al. [2017] . In addition to helium isotope measurements, the GEOTRACES Pacific Transect work included measurements of a variety of other tracers, including dissolved Fe, Mn, Al, and Zn, and radioisotopes such as 227 Ac, 226 Ra, and 228 Ra [Resing et al., 2015; Roshan et al., 2016; Kipp et al., 2016] . In particular, 10 of the GEOTRACES profiles were collected at precisely the same locations as earlier Helios or WOCE helium profiles. This has provided a unique opportunity to investigate temporal variations in the helium plume. In this paper we discuss the evolution of the southern EPR helium plume over the 26 years between 1987 and 2013 by directly comparing the previous Helios helium data with the GEOTRACES results.
Historical Views of the Plume
As mentioned in section 1, the 1972 SOTW expedition that crossed the EPR at 158S revealed the existence of a 3 He plume centered at 2500 m depth and extending over 2000 km to the west of the ridge axis ( Figure   1 ). Remarkably, the plume appeared to be absent to the east of the EPR crest, i.e., a profile only 400 km to the east showed background helium values. This strong asymmetry in the plume indicated westward flow at mid-depth in this region, opposite to the eastward flow described in the classic geostrophic circulation model of Stommel and Arons [1960] . Stommel [1982] suggested that the plume may not be a passive feature, but may in fact be a dynamic feature that seeks to spread westward due to the buoyancy flux of the ascending hydrothermal plumes on the ridge axis. It is clear that the heat flux from hot hydrothermal vents Geochemistry, Geophysics, Geosystems
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produces buoyant plumes that entrain and transport ambient deep water several hundred meters vertically in the water column [Lupton et al., 1985; Lupton, 1995] . In his model, Stommel [1982] theorized that this vertical pumping would result in a dipole source and sink displaced vertically from each other over the ridge axis. According to Stommel [1982] , in the absence of any background flow, this dipole forcing would then generate a pair of opposing (anticyclonic above cyclonic) zonal gyres extending westward from the EPR axis.
The discovery of the helium plume and the Stommel [1982] model generated considerable interest in the plume and the controlling dynamics. Reid [1982] showed there is a tongue of salty and warm water coincident with the helium plume extending westward from the EPR axis. This was an expected result, since in the Pacific where salinity increases with depth the rising hydrothermal plumes entrain deeper saltier water and produce a neutrally buoyant plume that is slightly warmer and saltier than the surrounding water [Lupton et al., 1985; Speer and Rona, 1989] . Even before the discovery of the helium plume, Bostr€ om et al.
[1969] had generated a map of hydrothermal Mn and Fe recorded in the sediments of the south Pacific extending westward from the EPR very similar to Reid's tongue of warm water. In retrospect the Mn and Fe in the sediments appears to be the ''shadow'' of hydrothermal particles precipitated from the EPR plume over several decades. Speer [1989] expanded on Stommel's work by explicitly including the effects of background flow in a dynamic model. Thompson and Johnson [1996] and Johnson and Talley [1997] showed that the waters in the core of the off-axis helium plume have a clear h-S anomaly accompanied by lower stratification (lower N 2 ), as might be expected from the increased vertical mixing produced in the buoyant plumes on the ridge axis.
In 1987, during Helios expedition, a detailed hydrographic survey was conducted, designed to examine the dynamics of the helium plume. The Helios cruise collected 74 discrete hydrographic profiles, including about 1200 samples analyzed for helium isotopes. Of these, about 33 stations were located off the ridge axis. The Helios samples provided the first detailed map of the lateral extent of the helium plume and showed that the plume maximum actually trends slightly WNW off axis rather than due west (Figure 2 ). The study confirmed Geochemistry, Geophysics, Geosystems 10.1002/2017GC006848 that the helium signal drops suddenly to background values to the east of the EPR axis at 158S, and also revealed the presence of a secondary plume trending eastward from the EPR axis at latitude 308S.
Several studies have applied inverse modeling to the existing hydrographic data in order to discern the deep flow fields in this region. The geostrophic flow field generated by Reid [1981] using steric height analysis is generally consistent with the helium distribution [see Lupton, 1998 ]. Hautala and Riser [1993] found that the Helios hydrographic data were consistent with a large-scale circulation driven by a buoyancy flux from the EPR. At plume depth, their b-spiral inverse method found northward flow along the ridge axis, and westward flow in the north, indicating the existence of a large anticyclonic gyre extending >1000 km to the west of the EPR axis. Faure and Speer [2012] applied a more detailed inverse method using both hydrographic and tracer data in this region and also found a pattern of anticyclonic recirculation to the west of the EPR. However, all of these inverse methods fail to reproduce the details of the helium distribution, especially the minimum in 3 He on the equator (Figure 4 ).
Subsequent to the Helios expedition, the World Ocean Circulation Experiment and several other projects helped to define the overall helium distribution in the Pacific [Lupton, 1998] . Figure 3 shows d
3
He for the entire Pacific contoured on a surface at 2500 m depth. The figure includes Helios data as well as several WOCE sections, including P16, P17, and P19 (along 1508W, 1358W, and 908W, respectively) and P1, P3, P4, and P6 (along 478N, 248N, 9.58N, and 32.58S, respectively). Data from NOAA expedition RITS-89 along 1058W is also included, as well as data from several NOAA expeditions in the northeast Pacific. The figure shows quite clearly that the southern EPR plume is the most significant helium feature in the Pacific, but also reveals a second helium jet extending westward from the EPR axis centered at 108N. The WOCE P17 section along 1358W ( Figure 4 ) provided a section crossing both of these helium jets, and clearly shows the existence of a minimum in the helium distribution at the equator. A smaller and shallower helium plume is also present in the northeast Pacific due to hydrothermal venting on the smaller Juan de Fuca Ridge [Lupton, 1998 ].
RAFOS Floats
In addition to collecting 74 helium profiles, approximately 45 RAFOS neutrally buoyant floats were deployed during the 1987 Helios expedition [see Rossby et al., 1986; Rossby, 1991] . The floats were part of an overall [Lupton, 1998] and from WOCE hydrographic program [WOCE, 2002] . Note the presence of two major helium jets extending westward from the EPR axis at 108N and at 158S.
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10.1002/2017GC006848 study designed to resolve the dynamics of the helium plume [Hautala and Riser, 1993] . Of particular interest are the 34 floats that were ballasted to 2500 m depth and deployed either on the rise crest or to the west in the helium plume ( Figure 5 ). The majority of the floats were programmed for a duration of 180 days, and the vectors in the figure indicate the beginning and end points of the each float track. The dashed line indicates the approximate outline of the helium plume.
The float tracks reveal an interesting pattern. The majority of the float tracks in the vicinity of the ridge axis is aligned with the ridge axis itself, possibly confirming the theory that the topography of the ridge tends to divert currents parallel to the ridge axis [Lavelle, 2012; Lavelle et al., 2012] . The three floats deployed between the equator and 58S show strong westward transport, possibly indicating entrainment into a nearequatorial jet. As might be expected, the remainder of the float tracks has orientations indicating a strong eddy component. However, the off-axis floats in the core of the plume show a significant average westward transport. The 11 floats deployed off axis in the plume core had an average transport of 0.32 6 0.13 cm s
21
(1-sigma) to the west, and 0.11 6 0. Geochemistry, Geophysics, Geosystems He ratio in the GEOTRACES data to estimate the spreading rate, and found a westward transport of 0.1-0.4 cm s
. Although 26 years have intervened between the RAFOS float experiment and the GEOTRACES section, these estimates of westward transport based on radioisotope measurements are consistent with the 0.3 cm s 21 previously estimated from the RAFOS floats. It is notable that the inverse modeling studies of Hautala and Riser [1993] and Faure and Speer [2012] found similar westward transport velocities of 0.2-0.5 and 0.5 cm s
, respectively, at the depth of the off-axis plume west of the EPR axis.
Evolution of the EPR Helium Plume Over the Past 26 Years
As mentioned in section 1, 10 of the GEOTRACES helium profiles were collected at the exact locations where previous Helios, WOCE or RITS-89 profiles were collected in 1987-1989, providing a unique opportunity to examine the time evolution of the helium plume. The positions of these co-located stations are shown in Figure 2 . Although the measurements were made on different mass spectrometers in different laboratories at different times (U.C. Santa Barbara versus W.H.O.I), we are confident that the results are comparable, since both laboratories use the same isotopic standard, atmospheric helium. Furthermore, a detailed intercalibration conducted as part of the WOCE helium program demonstrated that the two laboratories agree to better than 0.5% in d 3 He.
Although the profiles were co-located geographically, the samples were not collected at the same water depths. Rather than attempt to interpolate results to common sampling depths, we have instead taken the approach of simply plotting each pair of profiles together. He versus depth for each of the 10 pairs of profiles. At first glance it is apparent that the overall structure of the southern EPR helium plume is unchanged over the intervening 26 years. The profiles at the distal end of the plume at 1438W and 1528W are virtually identical, and the two ''background'' profiles to the east of the EPR axis at 1048W and 109.28W also match almost perfectly. The profiles near the EPR axis at 112.758W, 113.58W, and 1158W show large differences as might be expected due to changes in the local circulation or variations in the intensity of hydrothermal activity on the EPR crest. However, for each of these near-field profiles the GEOTRACES helium signal is measurably higher than the earlier Helios measurements, possibly indicating an increase in hydrothermal output at 158S latitude on the EPR axis since 1987.
We also examined changes in the helium plume over time by contouring the 1987 Helios helium data and the GEOTRACES 2013 data using identical gridding parameters. Figure 7 compares the two data sets in section view. Panel C in the figure is a contour of the difference between the two grids, which highlights the changes without requiring interpolation to the same sampling depths. It is immediately apparent that there is a minimum in the d
3 He values at about 1208W longitude in the 2013 GEOTRACES section compared to the neighboring stations. This minimum is also present in the GEOTRACES Fe, Mn, and Zn data (Figure 8 ) [Resing et al., 2015; Roshan et al., 2016] . In contrast, this minimum in the plume is not present in the 1987 Helios section, in which the d 3 He values decrease monotonically westward from the EPR axis ( Figure 7 ). This difference is also apparent in the direct comparison of the two profiles (Figure 6 ), and even more clearly in Figure 9 , which compares the maximum d 3 He for Helios and GEOTRACES versus longitude. The fact that the minimum at 1208W is present in d 3 He, Fe, Mn, and Zn indicates a fundamental change in the plume at that longitude.
Excess Heat Associated With the Helium Plume
In addition to the helium and trace metals that are introduced by hydrothermal venting, excess heat is also introduced into the water column. In an attempt to detect and characterize this excess heat, we have Geochemistry, Geophysics, Geosystems
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carefully examined CTD profiles along the GEOTRACES section. Figure 10 shows plots of potential temperature h, potential density r, and salinity for two GEOTRACES profiles, one ''background'' profile to the east of the EPR axis, and another to the west in the core of the helium plume. As shown in Figure 10a , h versus r is nearly linear between 2000 and 3200 m for profile G15, east of the EPR axis. The same is true for other ''background'' profiles east of the EPR axis. Assuming that this linear h-r trend is an intrinsic characteristic of background profiles in this region not affected by hydrothermal input, deviations from a linear h versus r trend should be a measure of excess heat added to the water column. We have chosen to plot properties versus potential density with the idea that we are then comparing parts of the plume that have ascended to the same neutral density surface. Figure 10b shows the h versus r plot for station G26 at 1288W to the west of the EPR axis. For this station there is a pronounced deviation from linearity as defined by the straight line on the plot, which is a linear fit to the h, r values at 2000 and 3200 m depth. The deviation in potential temperature reaches a maximum of 0.0418C at 2500 m depth for station G26 (see Figure 10e ). For comparison, the h-r difference for station G15 varies only between 20.0058C to 10.0058C over the entire depth range of 2000-3200 m. As shown in Figure 10c , a plot of h versus salinity at this station shows an even more pronounced deviation from linearity. This is due to the well-known effect of entrainment and vertical transport of deep saltier water into the In general, the differences are small, except over the ridge crest. The other notable difference is that the 2013 GEOTRACES section shows a minimum in the helium signal at 1208W, which is not present in the 1987 Helios data.
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rising plume [Lupton et al., 1985] . The presence of this excess salt is clearly evident when salinity is plotted versus potential density (see Figure 10d) . Thus, the larger deviation in the h versus salinity plot includes both the excess temperature component and a ''hidden'' salinity component added due to entrainment effects. The deviation from linearity in h versus r is therefore the most accurate measure of the actual excess heat added to the water column.
Using this approach, we plotted h versus r for all 10 GEOTRACES profiles between 1048W and 1528W (not shown). Following the same protocol outlined in Figure 10 , we fitted a straight line to the data between 2000 and 3200 m for each station, and then calculated the difference or ''h-r anomaly'' as a function of depth. Our goal was not to provide a perfectly accurate estimate of the excess heat in each profile. However, since we have followed the same protocol for each profile, our results should provide an objective comparison of the different amounts of excess heat present along the GEOTRA-CES section. For stations G15 and G17 to the east of the EPR axis, the maximum h-r anomaly was <0.038C. Beginning with station G18, the h-r anomaly for all stations west of the EPR was detectable and reached a maximum at 2500 m depth, at approximately the same depth as the maximum in 3 He (see Figure 10e ). Figure 11a shows these results plotted versus longitude for all 10 stations. As might be expected, the h-r difference is absent to the east of the EPR, and then makes a sharp jump up to 0.0408C on the ridge axis. The h-r difference for station G23 at 1208W is distinctly lower than that at neighboring stations to the east or west. This confirms that the hydrothermal heat content in the plume at this longitude varies in concert with the concentrations of 3 He, Fe, Mn, and Zn, which are all lower than neighboring stations. Unfortunately, the archived Helios CTD data are of poor quality and it was not possible to do a similar analysis of excess heat for the Helios section. Geochemistry, Geophysics, Geosystems
It is also of interest to compare the estimates of excess heat in the plume with the measured 3 He concentration. Figure   11b shows the maximum 3 He concentration in each of the GEOTRACES profiles plotted versus maximum excess temperature as defined by the h-r anomaly. A linear regression fit gives a slope of 2.5 3 10 218 mol J 21 for the average 3 He/heat ratio in the plume core. The relationship between 3 He and heat varies by over an order of magnitude in submarine hydrothermal systems, with systems recently perturbed by magmatic input exhibiting higher 3 He/heat and mature long-lived systems having lower ratios [Lupton et al., 1999] . Our estimate for the EPR plume is consistent with, although slightly lower than, the typical values of 3 to 4 3 10 218 mol J 21 found in long-lived hydrothermal systems [Lupton et al., 1999] .
There are several reasons to expect that the 3 He/heat in the plume cannot be directly compared to that in the hydrothermal fluids. Lavelle et al.
[ 1998] showed that the apparent heat anomalies in the water-column plumes underestimate the actual heat released by a factor of 2.1-4.5 for Pacific Ocean waters. This result assumes that the venting fluids have the same salinity as the ambient seawater. Lavelle et al. [1998] also showed that this scaling factor is strongly affected when the venting fluids are either saltier or fresher than the ambient seawater, which is often the case. Thus, it is remarkable that our approach for estimating excess heat in the southern EPR plume has produced 3 He/heat ratios comparable to typical values measured in hydrothermal fluids.
Origin of the Plume Minimum at Longitude 1208W
The fact that the minimum at 1208W is present in five different hydrothermal properties measured in the GEOTRACES section (d 3 He, Fe, Mn, Zn, and heat) indicates a fundamental difference in the plume properties at that longitude. It is also quite striking that this minimum in d 3 He is not present in the 1987 Helios section (see Figures 7a and 9 ), indicating that this feature appeared sometime during the past 26 years. One possibility is that there was a short-term decrease in the rate of helium input feeding the plume in the past. This hiatus in activity would then be carried westward as a minimum in the plume signal. Based on the 0.3 cm s 21 westward transport derived from the RAFOS float data, this decrease would have had to have occurred about 7 years ago. Another possibility is that this feature is oceanographic in origin, i.e., it was caused by the intrusion of a different water mass into the plume core rather than a modulation in hydrothermal input.
Some insight into this question is provided by the GEOTRACES radioisotope measurements. As mentioned earlier, Hammond et al.
[2015] measured 227 Ac (t 1/2 5 21.77 year) along the GEOTRACES Pacific transect.
They found a local maximum in 227 Ac in the plume core at 2500 m depth, indicating a hydrothermal source for the 227 Ac at that depth. Second, they found that the 227 Ac/ 3 He ratio on r h 5 27.72 (2500 m depth) decreased monotonically from east to west with distance from the EPR axis, providing a ''clock'' for the aging of the plume, corresponding to a 0.4 cm s 21 westward transport . Surprisingly, the one exception to this pattern was GEOTRACES Stn. Geochemistry, Geophysics, Geosystems 10.1002/2017GC006848 concentrations of hydrothermal properties and different radioisotope characteristics intruded into the plume core at this longitude during the intervening 26 years, disrupting the otherwise monotonic changes in plume properties moving east to west. Figure 10 . Plots of CTD data between 2000 and 3200 m depth for two GEOTRACES stations. (A) potential temperature h 2500 (referenced to 2500 db pressure) versus potential density r 2500 (also referenced to 2500 db) for GEOTRACES station G15 located east of the EPR axis, (B) similar plot of h 2500 versus r 2500 for GEOTRACES station G26 at 1288W west of the EPR axis. The line is a fit between data points at 2000 and 3200 m depth. The h-r anomaly is then the difference between the actual data and the fitted straight line. (C) h 2500 versus salinity for station G26. (D) Salinity versus r 2500 for station G26 showing that there is excess salt in the core of the plume at 2500 m depth. (E) plots of h-r anomaly (8C) versus depth for stations G15 and G26.
Geochemistry, Geophysics, Geosystems 10.1002/2017GC006848 Jenkins et al. [2017] reached a similar conclusion, namely that the decrease in plume intensity at 1208W is due to mid-depth mixing rather than to modulation of the hydrothermal source. They point out that the lower d 3 He at 1208W is associated with higher D
14
C and lower silica and conclude that the water mass must have come from the south, perhaps as far as 308S-358S. This explanation requires the presence of a significant northward mid-depth flow at this longitude spanning 158 in latitude. In contrast to this conclusion, the inverse modeling studies of Hautala and Riser [1993] and Faure and Speer [2012] both found a broad anticyclonic gyre at plume depth to the west of the EPR with southward transport at 1208W. Thus, an increase in the strength of this gyre circulation could have produced the decrease in plume intensity at 1208W. Furthermore, as shown in Figures 2 and 4 , the southern EPR plume is a focused jet in which the plume intensity, as measured by the 3 He enrichment, decreases both to the north and south of the plume core. By design the GEOTRACES Pacific transect went down the axis of the 1987 Helios plume. While it is possible that the geographical distribution of the helium plume has changed dramatically since the 1987 Helios survey, this seems unlikely. Thus, it is only necessary to introduce a water mass from a few hundred kilometers north or south of 1208W to produce the observed decrease in d 3 He. Furthermore, there is no indication in the RAFOS float tracks ( Figure 5 ) of a large-scale northward transport at this longitude. We conclude that the change in mid-depth circulation that produced the change at 1208W may have been fairly local, and must have developed in the past few decades, since it was not present in 1987. Note that this conclusion differs from that of Jenkins et al. [2017] , especially in that the meridional radiocarbon gradient is not consistent with the observed anomaly at 1208W being local.
Summary and Conclusions
The GEOTRACES Eastern Pacific Zonal Transect completed in 2013 collected samples down the central axis of the helium plume which spreads westward from the EPR axis at 158S. This recent GEOTRACES survey did repeat sampling at several of the Helios expedition stations collected in 1987. We compared 10 GEO-TRACES helium profiles with profiles collected 26 years earlier at the same locations during Helios, RITS-89, and WOCE expeditions. For the most part the helium plume is unchanged over the 26 years. In particular, the profiles at the distal end of the plume at 1438W and 1528W are virtually identical. The GEOTRACES profiles also confirmed that the helium introduced by the hydrothermal venting on the EPR axis is absent to the east of the EPR crest, i.e., the helium signal drops to background values within only a few hundred kilometers to the east of the ridge crest, just as it did in 1987. Thus, at 158S there is still no tendency for the mid-depth currents to carry the hydrothermal effluent to the east.
While the helium distribution at the eastern and western ends of this EPR transect is relatively unchanged, we detected several differences at other parts of the section. The comparison for profiles at 112.758W, 113.58W, and 1158W near the EPR axis show a significant increase in d 3 He compared to the earlier 1987 profiles. One might expect variability in the profiles near the spreading axis due to local oceanographic effects Geochemistry, Geophysics, Geosystems 10.1002/2017GC006848
